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Effects of potassium depletion on renal tubular chloride trans-
port in the rat. Potassium depletion (KD) causes renal chloride-
wasting. To investigate the effects of KD on renal tubular reab-
sorption of chloride, balance, clearance, micropuncture, and mi-
croinjection studies were performed on potassium-depleted rats.
KD was produced by omitting potassium from the diet and by
administration of DOCA on days 2 and 3; rats were studied on
days 9 to 12. Diets were chloride-free in both control and KD
groups. In the KD group, balance experiments confirmed greater
chloride depletion and continued chloride-wasting, and clear-
ance studies showed an increased FE1. Muscle potassium was
reduced by 27% as compared to control. Whole kidney and
single nephron GFR were reduced in KD rats to 72 and 74% of
control. Fractional (6 6% vs. 22 4%, P <0.05) and absolute
chloride reabsorption in the proximal tubule were reduced in
KD, and chloride delivery out of the proximal tubule was not
different. Fractional reabsorption of delivered chloride was re-
duced in the loop of Henle (92 0.8% in KD vs. 95 0.7% in
control, P < 0.02). Transtubular chloride ratio (0.28 0.02 vs.
0.21 0.02, P < 0.02) was increased at the early distal tubule.
Fractional delivery of chloride (8 0.9 vs. 5 0.5%, P < 0.02),
and fluid (26 I vs. 22 1%, P < 0.05) were also increased in
KD at the early distal tubule. Recovery of chloride 36 injected
into late distal tubules was 88 1% on a normal chloride intake,
62 2% in chloride depletion, and 88 2% in potassium and
chloride depletion. Thus. KDdepresseschloride reabsorption in
the proximal tubule and in the loop of Henle, and it decreases
chloride 36 effiux from the collecting duct.
Effet de Ia déplétion en potassium sur le transport tubulaire ré-
nal du chlore chez le rat. La dëplétion en potassium (KD) deter-
mine une perte rénale de chlore. Afin d'étudier les effets de KD
sur Ia reabsorption tubulaire rénale dechlore des experiences de
bilan, de clairance, de microponctions et de micro-injections ant
été réalisées chez des rats déplétés en potassium. La déplétion en
potassium a ete produite par Ia suppression du potassium de
l'alimentation et l'administration de DOCA aux jours 2 et 3; les
rats ont etC CtudiCs lesjours 9 a 12. Les regimes alimentaires ne
contenaient pas de chlore pour les groupes contrôles et KD. Les
experiences de bilan ont confirmé une plus grande depletion en
chlore et une perte de chlore persistante dans le groupe KD. Dc
plus les experiences de clairance ont montré, dans ce groupe,
une augmentation de FE(I. Le potassium musculaire est réduit
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de 27% par comparaison aux contrôles. Les debits de filtration
glomérulaire du rein entier et des néphrons individuels sont ré-
duits dans le groupe KD a 72 et 74% des contrôles. La réabsorp-
tion fractionnelle (6 6% contre 22 4%, P <0,05) et absolue
de chiore dans le tube proximal est réduite dans le groupe KD et
Ic debit de chlore délivrC a Ia fin du tube proximal n'est pas dif-
ferent dans les deux groupes. La reabsorption fractionnelle du
chiore délivré a l'anse de Henle est diminuée (92 0.8% dans le
groupe KD contre 95 0,7% dans le groupe contrôle, P <0,02).
Le gradient de concentration transtubulaire du chlore est aug-
menté au debut du tube distal (0,28 0,02 contre 0,21 0,02, P
< 0,02). Les debits fractionnels de chlore (8 0,9% contre 5
0,5%, P < 0,02) et d'eau (26 1% contre 22 1%, P < 0,05)
sont eux aussi augmentés au debut du tube distal dans le groupe
KD. La recuperation de ad injecté a Ia fin des tubes distaux est
de 88 1% quand l'apport de chlore est normal, de 62 2%
dans Ia depletion en chlore et de 88 2% dans Ia depletion en
potassium et en chlore. Ainsi Ia depletion en potassium deprime
Ia reabsorption de chlore dans le tube proximal et dans l'anse de
Henle et diminue I'effiux de 36Cl hors du tube collecteur.
Continuing renal chloride excretion despite
mounting cumulative chloride depletion (renal chlo-
I-ide-wasting) has been observed in severely potas-
sium-depleted rats chronically deprived of dietary
chloride [1]. Furthermore, in these experiments,
renal chloride conservation was restored to the lev-
el of control rats similarly deprived of dietary chlo-
ride after partial repletion of the potassium deficit
by potassium bicarbonate. Chloruresis leading to a
negative chloride balance despite severe hypochlo-
remia has also been observed in severely potas-
sium-depleted man [2].
New insights into the transport processes under-
lying chloride absorption in the loop of Henle [3, 4],
distal tubule [51, and collecting duct [61 suggest that
active reabsorption of chloride occurs at these sites.
To date, however, no studies have been performed
of the effect of severe potassium depletion on seg-
mental chloride absorption in the nephron. To de-
termine the site(s) at which renal tubular chloride
reabsorption was impaired in the above model of
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renal chloride-wasting in the rat, we examined chlo-
ride reabsorption by the whole kidney and by suc-
cessive segments of the nephron in severely potas-
sium-depleted rats which had been shown by bal-
ance and clearance studies to be wasting chloride.
Evidence was obtained that reabsorption of chlo-
ride is impaired in the proximal tubule, loop of
Henle, and collecting duct of severely potassium-
depleted rats as compared to appropriate non-
potassium-depleted controls subjected to the same
chronic dietary chloride deprivation.
Methods
Male Sprague-Dawley rats (Charles River Breed-
ing Laboratories) initially weighing 200 to 400 g
were fed a synthetic diet lacking sodium, potas-
sium, and chloride (ICN Pharmaceuticals, Cleve-
land, Oh.) to which varying amounts of these elec-
trolytes were added. This basic diet contained <1
mEq/kg of potassium, <2.2mEq/kg of chloride, and
<2 mEq/kg of sodium, by analysis after nitric acid
extraction. All rats were kept in individual metabo-
lism cages. During the first week, all rats were fed
the synthetic diet, with added sodium chloride and
potassium bicarbonate (100 mEq/kg diet) to provide
a normal electrolyte intake and to permit the rats to
become accustomed to the cages and to the diet.
Thereafter, to stimulate renal chloride retention,
chloride was removed from the diet of both control
and experimental groups. Controls were given basic
diet with 200 mEq of sodium bicarbonate, 240 mEq
of dibasic potassium phosphate, and 60 mEq of
monobasic potassium phosphate added per kg of
diet; experimental rats received the basic diet plus
200 mEq of sodium bicarbonate per kg of diet. Pre-
vious studies have shown that an increased phos-
phate intake does not alter renal conservation of
chloride in the rat [1]. To increase potassium loss, 2
mg of desoxycorticosterone acetate (DOCA, Or-
ganon, Orange, N.J.) was given i.m. on the second
and third day after potassium depletion and chloride
depletion were started. Preliminary studies of KD,
produced by eliminating all of the dietary potassium
and 85% of dietary phosphate as above, but without
administration of DOCA, showed significantly less
severe KD and no chloride-wasting.
Balance experiments. Twenty-four-hour urinary
collections were obtained in six KD and six control
rats over a period of 11 days after initiation of ex-
perimental and control diets. Urine was collected in
funnels with screens to separate feces from urine
and was preserved with thymol. All rats received,
and ate, 15 gdaily of the synthetic diet. Balance was
measured as dietary electrolyte intake minus uri-
nary excretion. On the morning of the 12th day, rats
were anesthetized with mactin® (Promonta, Ham-
burg, West Germany). In this and in all subsequent
experiments, control rats were given 100 mg/kg of
body wt. KD rats were given 80 mg/kg because of
increased sensitivity to the anesthetic. Arterial
blood was collected from the abdominal aorta for
measurement of plasma electrolytes, pH, and Pco2.
Samples of both thigh muscles were obtained for
measurement of sodium and potassium content.
Since, even in pair-feeding experiments, rats fed the
potassium-free diet did not gain weight as quickly as
controls did, we studied rats with similar weights by
starting the potassium-free diet in heavier rats. Dur-
ing the period of potassium depletion, KD rats at
least maintained their initial weight while controls
gained weight.
Clearance experiments. Clearance studies were
performed in six control rats weighing 295 21 g
and in six KD rats weighing 286 20 g during the
period 9 to 12 days after starting the experimental or
control diets, as in the balance studies. Experi-
ments were performed in pairs of one control and
one KD rat on heated tables maintained at 37 to
38° C. Rats were anesthetized, a tracheostomy was
performed, and polyethylene catheters were in-
serted into the external jugular vein (PE-lO) and in-
to the bladder (PE-50). Methoxy-3H-inulin (40 Ci/
hr) was added to the infusion fluid, 0.15 M sodium
bicarbonate was given at a rate of 1 mllhr/100 g of
body wt, and two or three timed 20- to 30-mm uri-
nary collections were made 90 mm after starting the
i.v. infusion. Urine was collected under mineral oil
in preweighed tubes, and urinary volumes were de-
termined by weighing. Plasma chloride and 3H-in-
ulin radioactivity levels were measured in blood
samples from the tail vein at the beginning and end
of each clearance period. At the end of the clear-
ance studies, blood was taken from the abdominal
aorta in a heparinized syringe for determination of
pH, Pco2, sodium, potassium, and chloride concen-
trations, and hematocrit. Samples of both thigh
muscles were then taken for measurement of so-
dium and potassium content.
Illicropuncture experiments. Experiments were
performed 9 to 12 days after starting either the con-
trol or KD diet in 10 control rats weighing 282 16 g
and in 10 KD rats weighing 301 16 g. To assess
chloride excretion, 24-hr urine samples were col-
lected for 2 days before the experiment. Following
anesthesia, animals were placed on a heated table, a
tracheostomy was performed, and polyethylene
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catheters were placed in the external jugular vein
and in the carotid artery. The left kidney was ex-
posed through a flank incision and supported in a
plastic cup. Mineral oil, warmed to 38° C, was di-
rected into the cup over the surface of the kidney.
The left ureter was catheterized with polyethylene
tubing, and urine was collected under mineral oil in
weighed tubes. Arterial blood pressure (BP) was
measured continuously using a strain-gauge trans-
ducer (AlL Tech, City of Industry, Calif.) and re-
corded on a Brush pen recorder (Gould Inc., Cleve-
land, Oh.). In our initial efforts, 0.15 M sodium bi-
carbonate was infused at 1 mllhr/l00 g of body wt,
but in most KD rats given this infusion, the mean
arterial BP level fell below 100 mm Hg, a level con-
sidered unacceptable. Only two satisfactory experi-
ments were completed in these KD rats; an addi-
tional four control rats were also studied at this in-
fusion rate. In subsequent experiments, 0.15 M
sodium bicarbonate was infused at a rate of 2.4 ml!
hr!100 g of body wt with satisfactory maintenance
of blood pressure. (Sodium chloride was not used
so as to maintain chloride depletion.) Eight KD and
six control rats were studied at this infusion rate.
3H-inulin was delivered at 180 iCi/hr.
Three successive urine samples were collected,
each for approximately 45 mm, beginning 90 to 100
mm after starting the i.v. infusion. Three arterial
blood samples of approximately 150 ILl were collect-
ed in heparinized tubes; before the first, during the
second, and after the third urine collection. Late
proximal, early distal, and late distal segments of
superficial nephrons were identified by puncturing a
randomly chosen proximal segment with a pipet
(O.D., 3 m) which was used to inject less than 1 nl
of a solution containing 300 mrvi mannitol and 0.1%
FD&C green #3 (Keystone, Chicago, Ill.). As the
dyed solution flowed downstream, late proximal
segments were identified as those from which the
dye disappeared last. When two or more distal seg-
ments subsequently appeared, the first or the last of
these was tentatively identified as an early or late
distal segment.
With the dye-filled pipet left in place, tubule fluid
was collected during exactly timed intervals into pi-
pets with 7 to 10-p O.D. tips filled with stained min-
eral oil. After a column of mineral oil was injected
from the collecting pipet, the sample was collected
spontaneously, or with slight aspiration when nec-
essary to keep the oil block in place. Collection
times averaged 3.0 mm for proximal samples and
4.3 mm for distal samples. After distal samples were
collected, liquid latex (General Biological, Chicago,
Ill.) was injected into the tubule. Subsequently, the
kidney was weighed and then immersed in 6 M hy-
drochloric acid. The latex-filled tubules were later
teased away from the unfilled tubules so that their
lengths and the distances to the puncture sites could
be measured. The total length of the distal tubule
was considered to be the distance between the ma-
cula densa region and the junction with another dis-
tal tubule. Finally, blood was drained from the rat,
and muscle samples were obtained as in the pre-
vious experiments.
Microinjection experiments. Experiments were
performed in seven controls and six KD rats 9 to 12
days after starting the diets and in a third group of
four normal rats which were not chloride-depleted.
Two of the latter rats ate normal chow, and two
were in metabolic cages and ate the synthetic diet
with added electrolytes as in the first week of prepa-
ration for all rats. Results of microinjections in
these rats were very similar and were combined. To
assess chloride excretion, 24-hr urine samples were
collected for 2 days before the experiment. Normal,
control, and KD rats were infused with a solution of
0.15 M sodium bicarbonate and 0.3 M mannitol in
water at a rate of 3 ml/hr!100 g of body wt. A urinary
sample was obtained 45 to 60 mm after starting the
infusion for determination of sodium, potassium,
and chloride concentrations. Mean blood pressure
was monitored throughout and was always at least
100 mm Hg. Additional clearance studies, not oth-
erwise reported here, confirmed a significant in-
crease in the fractional excretion of chloride (FE1)
in KD as compared to control rats when this rate of
sodium bicarbonate-mannitol infusion was used
(0.20 0.007 vs. 0.07 0.006, P < 0.001).
Microinjections were performed as previously re-
ported [7]. Sodium labeled with chloride 36 (36Cl)
(ICN Pharmaceuticals, Irvine, Calif.), methoxy-3H-
inulin (New England Nuclear), and Hercules green
#2 (H. Kohnstamm, New York) were diluted in wa-
ter to yield radioactivities of 10 ILCi/mI of 36C1 and
50 Ci/ml of 3H-inulin, and a dye concentration of
0.3 mg/mI. The final chloride concentrations of the
solution was 27 mEq/liter.
A late distal tubule was punctured, and a droplet
of mineral oil was injected to determine direction of
flow. The radioactive solution was then injected at a
slow enough rate to avoid retrograde flow.
Urine was collected directly into counting vials
containing 1.5 ml of distilled water. The first collec-
tion began with the start of the injection of the drop-
let; two collections of 3 mm each were taken. In all
experiments, no radioactivity was detected in the
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second 3-mm collection. In preliminary studies, col-
lections were also made from the right kidney via a
bladder catheter, and it was determined that no re-
circulation of isotope occurred provided that 3H-in-
ulin recoveries of at least 90% were used.
Histological studies. Light microscopic, trans-
mission, and scanning electron microscopic studies
were performed on 10 potassium-deficient rats and
6 control rats during the same 9-to-12-day period in
which the physiologic studies were performed. For
the ultrastructural studies, the kidneys were fixed
immediately using intraaortic perfusion with para-
formaldehyde-gluteraldehyde fixative [8], then post-
fixed in osmium tetroxide embedded in araldite
resin and examined with a Zeiss EM lOB electron
microscope. For the scanning studies, fixed speci-
mens were dried in a Sandri critical drier, coated
with gold-palladium, and examined with an ETEC
scanning electron microscope. For light micros-
copy, hematoxylin and eosin-stained sections were
prepared from tissue fixed in buffered formalin.
Apart from initial selection by 24-hr urinary elec-
trolyte excretion measurements, no other studies
were performed in these rats. Kidneys were exam-
ined periodically during the depletion and study pe-
riod by conventional histologic techniques to search
for calcification which has been described pre-
viously in low-chloride diets in rats [9, 10]. No
nephrocalcinosis was seen in the present studies.
Analytical methods. Sodium and potassium con-
centrations in urine, plasma, and muscle extracts
were measured by flame photometry (Model 143,
Instrumentation Laboratory, Lexington, Mass.).
Muscle sodium and potassium content was deter-
mined, after oven-drying, in nitric acid extracts
[11]. Chloride concentration was measured in urine
and plasma by electrometric titration (Buchler-Cot-
love Chloridometer, Buchler Instruments, Fort
Lee, N.J.). Red cell volume in control and KD rats
was measured in noninfused animals by using a
Coulter Counter, Model ZB1. Cell volumes were
51.6 0.6 Ism3 in 10 control, and 48.2 0.5 m3 in
9 KD rats P < 0.005). Hematocrits in all KD rats
were, therefore, corrected by 7%. Osmolality of
urine and plasma was measured cryoscopically (Os-
mette 207, Precision Instruments, Subdury, Mass.).
Arterial blood pH, and Pco2 were measured using a
blood gas analyzer (London Co., Cleveland, Oh.).
Plasma bicarbonate concentrations were derived
from pH and Pco2 values with a Siggaard Anderson
Nomogram.
The volume of tubular fluid samples was mea-
sured in a constant-bore glass tube. Chloride con-
centration was determined on 0.5-ni portions of the
tubular fluid [12], and the radioactivity of the re-
mainder of fluid sample was measured in a liquid
scintillation counter (Nuclear Chicago) with an
Aquasol (New England Nuclear, Boston, MA) and
with water gel as the counting solution. Plasma con-
centrations of inulin and chloride were corrected by
adding 6% to express concentrations per volume of
plasma water. No additional correction was made
for the Donnan distribution of chloride [13, 141.
Glomerular filtration rate was taken as equal to the
plasma water clearance of inulin.
Urinary recoveries of 36Cl and 3H-inulin were also
measured by liquid scintillation counting. Appropri-
ate corrections were made for crossover counts of
36C1 in the 3H channel. Quench correction was made
by an external standard. Recovery of nuclide was
expressed as counts recovered divided by counts
injected x 100%.
Single nephron filtration rate (SNGFR) was cal-
culated as VTF X (TFIP)1, the product of tubule
fluid flow rate and the ratio of tubule fluid and
plasma inulin concentrations. The percentage of fil-
tered fluid delivered to a puncture site was calcu-
lated as [(P/TF)1 x 1001. The absolute rate of chlo-
ride delivery to a point of micropuncture was calcu-
lated as VTF X [C1ITF, where [C1ITF is the measured
concentration of chloride in tubule fluid. The per-
cent of filtered chloride remaining at any point in
the nephron was calculated as
[(TF/P)1 x (P/TF) x 100]
To calculate segmental absorption rates in the
loop and in the distal tubule segments, delivery of
chloride to the loop of Henle and distal tubule were
calculated as
FLR x SNGFR x [Cl] x 1.06
and absorption of chloride in the loop or distal tu-
bule segment was calculated as
FLR x SNGFR x [ClIp x 1.06 — (VTF X [Cl]TF)
where FLR equals fractional load remaining in the
proximal tubule for loop reabsorption, and in the
early distal tubule for distal tubule reabsorption.
The SNGFR used was that of the nephron from
which (VTF X [Cl]TF) was obtained, and FLR was
obtained from the mean value for other nephrons in
that rat. Percent segmental chloride reabsorption in
the loop and distal tubule was calculated as ab-
sorbed chloride delivered chloride x 100.
Control and KD groups were compared by Stu-
dent's t test; a "two tailed" t test was employed
418 Luke et a!
Table 1. Cumulative electrolyte balance, and plasma composition after 11 days of control or potassium depletion dier
Cumulative balance Plasma
Hydrogen Bicar-
Sodium Potassium Chloride Sodium Potassium Chloride nEqlliter Pco2 bonate
Group N p.Eq p.Eq p.Eq mEqililer mEqiliter mEqiliter (pH) mm Hg mEqi/iter
Control 6 +600 163 +2,714 306 —1,054 90 141 2 3.5 0.3 98 1 33 1 35 2 27 2
(7.49)
Potassium-
depletion 6 +3643 337 —3,410 208 —1,651 98 140 I 1.7 0.2 83 2 25 1 42 2 42 2
(7,60)
P(t test) <0.001 <0.001 <0.02 NS <0.001 <0.001 <0.001 NS <0.01
a Values are the mean SEM. N is the number of rats.
Table 2. Plasma electrolytes, acid-base status, muscle potassium, and renal function in clearance studiesa, a
End plasma values Renal function
Hydro-
Muscle
potas-
gen Bicar- GFR sium
Sodium Potassium Chloride nEqiliter Pco2 bonate Hct pJ/minl FE U0,,, mEqi
Group N mEqililer mEq/liter mEqiliter (pH) mmHg mEq/liter % /00 g mOsmlkg lOOg DS
Control 6 153 2 3.6 0.2 99 1 30 2 35 2 30 3 46 3 886 22 0.02 004 1148 139 45 2
(7.52)
Potassium-
depletion 6 155 2 2.5 0.2 76 3 24 1 39 I 41 2 46 I 733 22 0.11 0.03 673 102 33 I
(7.62)
P (t test) NS <0.005 <0.001 <0.05 NS <0.05 N5 NS <0.02 <0.05 <0.001
a Values are the mean SEM.
Abbreviations used are: N. number of rats; Hct, hematocrit; FE.1, fractional excretion of chloride; U0,0, urine osmolality; DS, dried
solids.
These values were obtained during infusion of 0.15 M sodium bicarbonate, at I mI/hr/100 g body wt.
throughout, and significance was set at the 5% lev-
el. In all the micropuncture studies, results are pre-
sented with an N value for individual nephrons;
however, in all cases, means were also calculated
using the mean individual value for each rat and an
N value of 8 for potassium-depleted and 6 for con-
trol rats. In all cases, statistical significance was
unaltered by this calculation. For the microinjection
experiments, in which three groups were studied,
an analysis of variance of hierarchal design was
used [15]. In this analysis, the between-rat, within-
group variation is the proper variance term to test
differences in group means. If the between-rat,
within-group variation is not significantly different
from the overall variance, then a pooled estimate
combining the two variance terms is used to test
group differences. This analysis is similar to that
used by Levine, Walker, and Nash [16].
and 269 3 g), KD rats did not gain weight as rapid-
ly as did controls (11-day weight gain: 9 1 and 19
3 g, P < 0.01). KD rats lost more chloride and
gained more sodium than did controls (Table 1).
Control rats remained in positive potassium bal-
ance. Both groups developed metabolic alkalosis';
hypokalemia, hypochioremia, and alkalosis were
more severe in KD rats (Table 1). Muscle potassium
concentration was reduced in KD rats by 27% as
compared to controls (33 I as compared to 45 2
mEq/lOO g dried solids, P < 0.001). This control
value was not different from our previously ob-
tained measurement for rats on regular chow (45
2, N = 8, [171). Muscle sodium concentration was
increased in KD rats (18 1.0 as compared to 9
0.5 mEq/100 g dried solids, P < 0.001).
Results
Balance and clearance experiments (Tables 1 and
2). Starting from the same initial weight (268 3
In our laboratory, acid-base values for aortic blood in 20
anesthetized noninfused normal rats by these techniques were:
arterial pH, 7.40; Pco2, 3! 2 mmHg (mean SEM); and plasma
bicarbonate, 19 I mEq/liter [17].
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Table 3. Plasma electrolytes, acid-base status, and muscle potassium after micropuncturea
N
Plasma
Hydrogen
nEq/liler
(pH)
Pco2
mm Hg
Bicarbonate
mEqiliter
Muscle potassium
inEq/lOO g DS5
Hct
%
Sodium
mEqiliter
Potassium
mEqiliter
Chloride
mEqiliter
Control 6 135 2 2.6 0.1 74 2 27 1
(757)C
44 2 41 0.7 46 1 48 I
Potassium-depleted 8 134 2 1.9 0.1 66 I 23 1 44 2 49 3 33 I 45 2
(7.64)c
P (1 test) NS <0.005 <0.005 <0.02 NS <0.02 <0.001 NS
a Values are the mean 5EM. N is number of rats.
hDS = dried solids
These values were obtained during infusion of 0.15 M sodium bicarbonate, at 2-4 mllhr/100 g body wt.
Chloride-wasting by the KD rats was observed by
the 6th day of the depletion period, whereas con-
trols reached steady low levels of chloride excretion
by the 5th or 6th day after starting the chloride-free
diet, as previously described {1]. Mean daily chlo-
ride excretion for days 9 through 11 was 160 20
/LEq!24 hr in KD rats and 45 5 riEqI24 hr in con-
trols (P <0.001). Sodium balance on days 9 through
11 was not different; sodium retention in the KD
group occurred earlier. Potassium excretion in the
KD rats fell to low concentrations by the last few
days of the balance period (53 12 fLEqI24 hr as
compared to 3,328 292 in controls on the 11th and
last balance day). There was no significant dif-
ference in fluid intake or urinary volumes between
KD and control groups. Preliminary studies on the
same regimen, except for the omission of DOCA,
produced a reduction in concentration of muscle
potassium by 15% and a hypokalemic hypochlorem-
ic alkalosis, but no chloride-wasting; cumulative
potassium balance was 1,400 tEq less negative.
These findings confirm that renal chloride-wasting
is dependent on the degree of potassium depletion
LI 11.
As in the balance studies, hypochloremic hy-
pokalemic alkalosis was again more severe in KD
rats infused with sodium bicarbonate (Table 2).
Marked depletion of muscle potassium was con-
firmed in KD rats. Fractional chloride excretion
(FE1) was increased and urinary osmolality de-
pressed in KD rats, as compared to controls during
sodium bicarbonate infusion (Table 2).
Micropuncture experiments (Tables 3—7, Figs. 1—
5). Hypochloremic hypokalemic alkalosis, assessed
at the conclusion of the micropuncture studies, was
again more severe in the KD group than it was in
the controls. Table 3 summarizes relevant results.
Muscle potassium concentrations in both groups
were similar to those of previous experiments.
Chloride excretion during the day prior to micro-
puncture experiments was higher in KD rats (335
53 vs. 63 4 EqIday, P < 0.01).
Data for renal function in Table 4 show that FE1
in micropuncture experiments were similar to clear-
ance experiments performed at similar infusion
rates, as with sodium bicarbonate-mannitol in-
fusion. In the rats subjected to the additional sur-
gery required for micropuncture, however, FE('j
was not significantly higher in KD rats. Mean blood
pressure and kidney GFR were lower in the KD rats
than they were in controls. FENa was not different in
the two groups of rats, whereas there was a marked
fall in FEK in the KD group.
SNGFR was reduced in KD rats to the same ex-
tent that whole kidney GFR was reduced (Fig. 1).
This was evident when measurements from either
proximal, early distal, or late distal segments of
controls and KD rats were compared. Values for all
SNGFR measurements in control and KD rats were
39 2 nI/mm (N = 53) and 29 1 nl/min (N = 43,P
Table 4. Function of micropunctured kidneya.
Group N
Mean BP
mmHg
GFR
pJ/min
FE1
%
FENa
%
FEK
%
Control 6 123 4 1196 53 0.07 0.01 3.0 0.3 74 14
Potassium-depleted 8 110 3 860 61 0.16 0.06 3.8 0.6 II 2
P (1 test) <0.05 <0.005 NS NS <0.001
a Values are mean SEM.
Abbreviations used are: N, number of rats; FE, fractional excretion of chloride (Cl); sodium (Na), and potassium (K).
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Table 5. Fractional fluid reabsorption (% of load delivered to
segment)
Proximal
tubule Loop
Distal
tubule
Control 45 2
(18)
60
(19)
2 46 5
(16)
Potassium depleted 40 4
(13)
55
(22)
3 32 7
(8)
P(ttest) NS NS NS
a Parentheses contain number of nephrons studied.
< 0.001). Measurements of SNGFR obtained in
proximal and distal tubules did not differ from one
another within control and KD groups.
Proximal tubule. Fractional fluid reabsorption by
the proximal tubule (PT) was not different between
control and KD rats (Table 5). The transepithelial
chloride ratio (TF/P1) in the late PT was increased
in KD rats (Table 6). Both filtered chloride and ab-
solute chloride reabsorption were reduced signifi-
cantly in KD rats (Table 7). It should be noted that
the decrease in absolute chloride reabsorption was
proportionately larger than the decrease of the fil-
tered chloride load. This is shown by the sharp re-
duction of fractional chloride reabsorption from a
control value of 22 to 6% in the KD rats (Fig. 2, P <
0.05). Indeed, net chloride secretion was seen in 5
of 13 KD nephrons—in at least 1 nephron of 4 dif-
ferent kidneys—and in none of 16 control nephrons.
Delivery of chloride to the loop segment was not
different between control and KD rats (Table 7).
Loop of Henle. Fractional fluid reabsorption by
the ioop of Henle was not different in KD rats
(Table 5). The (TFIP1) of fluid emerging from the
loop was increased in KD rats (Table 6). Absolute
chloride reabsorption was not significantly reduced
(P < 0.1); however, fractional chloride reabsorption
was decreased from 95.0 0.7% in controls to 92.0
0.8% in KD rats (Figs. 2 and 3, P < 0.02). Abso-
lute delivery of chloride to the early distal tubule
was not significantly increased in KD rats; fractional
chloride delivery, however, was increased from 5 to
8% (Fig. 4, P <0.02). Since chloride delivery to the
ioop was not different in the two groups, the lower
fractional reabsorption in the KD group and the
higher (TF/P1) in the early distal tubule indicate a
defect in chloride reabsorption along this segment
as compared to controls. Fractional fluid delivery
out of the loop was also increased in KD rats (Fig.
5, P < 0.05). The early distal puncture sites were
not different in the two groups (25 2% in controls
and 24 1% in KD).
Distal tubule. Fractional and absolute reabsorp-
tion of fluid and chloride delivered to the distal tu-
bule were not different in control and KD rats (Ta-
bles 5—7, Fig. 2). Fractional delivery of both chlo-
ride and fluid out of the distal tubule were higher in
KD rats (Figs. 4 and 5). The location of late distal
puncture sites were not different in the two groups
(82 3% in control, and 83 3% in KD).
As described under methods, at the low infusion
rate (1 mllhr/100 g of body wt) experiments were
completed satisfactorily in only two KD rats (19
nephrons); four control rats (23 nephrons) were
studied. Several observations made on chloride ab-
sorption at the higher infusion rate, however, were
confirmed. FE1 was, similar to clearance experi-
ments at this infusion rate, 0.03 0.007 in control
and 0.05 and 0.07% in KD rats. Late proximal TF/
Pci was elevated (P < 0.001), but fractional fluid
reabsorption was not different (60 2%, N = 10 in
controls; and 57 5%, N = 8 in KD rats). Loop
segmental chloride reabsorption was 96.0 0.6%
(N = 8) in control as compared to 91 3% (N = 4,
P < 0.1) in KD rats. Fractional chloride delivery
was increased at early distal (7.0 2.5 vs. 2.8 0.4%,
P< 0.05)andlatedistal(2.7± l.0,N=4,vs. 1.0±
0.4, N = 5, P < 0.1) sites.
Microinjection experiments (Table 8, Fig. 6).
Plasma chloride concentration, assessed at the con-
clusion of the studies, was reduced in KD rats (73
2 mEq/Iiter) as compared to chloride-depleted con-
trol rats (79 2 mEq/liter, P < 0.05) or to normal
Table 6. Transepithelial chloride ratios in nephron segments in control and potassium-depleted ratsa
High infusion rate
Late proximal Early distal Late distal
Control 1.42 0.02(16) 0.21 0.02(18) 0,21 0.02(15)
Potassium-depleted 1.55 0.03(13) 0.28 0.02 (24) 0.26 0.04(10)
P(t test) <0.01 <0.02 NS
Values are the mean SEM. Parentheses contain the number of nephrons.
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Table 7. Filtration and reabsorption of chloride (pEq/min) in single nephron segmentsa b
Proximal Loop Distal
Group Filtered Reabsorbed Delivered Reabsorbed Delivered Reabsorbed
Control
Potassium-depleted
P
3143
2246 252
<0.002
(18)
(13)
763 199
165 130
<0.025
2099
1814
NS
115
133
(19)
(22)
1957
1659
NS
117
129
141
117
NS
14
17
(13)
(8)
53
39
NS
9
22
a Calculated as described under methods.
Values are the mean SEM. Parentheses contain number of nephrons.
rats (84 3 mEq/liter, (P < 0.02). Muscle potas-
shim content was again lower in KD rats (35 1 vs.
47 2 mEq/l00 g dried solids, P <0.001). Urinary
chloride excretion on the day before the experiment
was higher in KD rats than it was in control rats
(362 46 vs. 63 4 sEq/24 hr, P <0.001). Data in
Table 8 show that during the time that micro-
injections were performed urinary chloride excre-
tion was greater in KD rats. Transit times of HG#2
dye to proximal, early, and late distal tubules were
not different between KD and control rats. Nearly
all of the H-inulin injected into late distal segments
was recovered in the urine of each of these groups
(Table 8). In contrast, as shown in Fig. 6, more of
the 36Cl injected into late distal segments was recov-
ered in the urine of KD rats than was recovered in
the urine of the control rats (88 2 vs. 62 2, P <
0.001). The fractional recovery of injected 36C1 was
not different in KD and normal rats. Thus, the ef-
flux of 36Cl from the collecting duct was increased
by chloride depletion in the control group but was
decreased by potassium depletion in the KD group,
despite the more severe chloride depletion in that
group.
Histologic and ultramicroscopic studies. Mor-
phologic changes in the KD rats were very similar
to those described in severe potassium deficiency
by Toback et al [181 and Ordonez et al 1191. The
changes were most prominent in the distal portions
of the nephron. The medullary collecting duct epi-
thelium, both in the papilla and in the red medulla of
the potassium-depleted animals, contained single
membrane-bound multivesicular bodies. The con-
centration of dark cells in the cortical collecting
ducts and in the collecting ducts of the red medulla
was increased. In control animals, no osmophilic
granules were seen in papillary collecting ducts, and
dark cells were much less prominent.
In the ascending limb of Henle and in the distal
tubule, the mitochondria contain numerous large in-
tramitochondrial granules; no evidence of extra-
mitochondiral calcification was seen in this or any
other segments of the nephron. The proximal tu-
bules showed only focal vacuolization and occa-
sional mitochondria with condensed cristae and
swelling of the matrix. There was no evidence of
intraluminal calcification or intracellular calcifica-
tion as has been described in severe chloride deple-
tion [9, 101.
Discusson
The experimental rats in the present study had a
severe degree of potassium depletion—a 25 to 30%
reduction below normal as assessed by measure-
ments of muscle potassium. In addition to the char-
acteristic histologic changes, potassium depletion
was associated with several functional changes: a
modest reduction in glomerular filtration rate [20—
231, a defect in renal concentraling ability 24, 251,
and inappropriately high renal chloride excretion
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Fig. 1. Comparison of kidney and single izephron GFR in control
and potas3ium-depleted groups. Asterisk (*) denotes P < 0.005
(kidney GFR) and P < 0.001 (SNGFR).
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esses underlying renal conservation of sodium and
chloride [29]. Although potassium depletion causes
a depression of aldosterone secretion rate [28, 30,
31], chloride conservation is normal in adrenal-
ectomized rats if sodium balance is maintained 1291.
Thus, the chloride leak associated with severe po-
tassium depletion also cannot be due to depression
of mineralocorticoid hormone.
The present studies were performed to establish
impaired fractional tubular reabsorption of chloride
in potassium depletion and to determine the site(s)
in the nephron at which potassium depletion im-
pairs chloride reabsorption. Apart from potassium
depletion, there were two other differences in the
regimens used to prepare our control and experi-
mental groups—decreased dietary phosphate and
the administration of DOCA in the KD group. In
order to produce an adequate degree of potassium
depletion for chloride-wasting to occur in a time
frame consistent with daily cumulative balance ex-
periments, DOCA was administered on days 2 and
3. We have previously shown that this dose of
DOCA is without effect on chloride excretion when
given to rats on a chloride-free diet containing so-
dium bicarbonate [32] and that chloride-wasting in
KD rats is not dependent on the continued adminis-
tration of DOCA [1]. Thus, we believe that DOCA
itself was not contributing to increased urinary
chloride excretion at the time of the studies 6 to 9
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Fig. 2. Comparison qf segmental chloride reabsorption of chlo-
ride delivered to proximal tubule, loop of Henle, and distal tu-
bule in control and potassium-depleted groups. Asterisk (*) de-
notes P < 0.05 (proximal tubule) and P <0.02 (loop of Flenle).
[1]. Chloride-wasting has been observed previously
also in severe potassium depletion in man [2].
Furthermore, chloride depletion, despite a normal
or high chloride intake, has been observed in the rat
during potassium depletion of a similar degree to
the present experiments [1, 26, 271. Clearance stud-
ies were not performed in these previous balance
experiments, and the present observations show an
increase in fractional excretion of chloride despite a
greater degree of cumulative chloride depletion
than that which occurred in control rats.
Renal chloride-wasting in potassium depletion
was previously shown to be independent of changes
in sodium or acid-base balance, and, since chloride-
wasting was rapidly corrected by administration of
potassium bicarbonate, it was attributed to the ef-
fects of potassium depletion [1]. The degree of po-
tassium depletion in these previous experiments
was also about 30%, as compared to controls. Com-
parable degrees of potassium depletion do not cause
inappropriate sodium-wasting in the rat [281; this
again emphasizes the different reabsorptive proc-
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Fig. 3. Fractional reabsorption of chloride delivered to the loop
of Henle in nephrons of control and potassium-depleted rats.
Mean SEM is indicated.
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days after its administration; however, to the extent
that an exogenous steroid effect could persist in KD
rats for this length of time after its administration, a
contribution by mineralocorticoid to the impaired
reabsorption of chloride by a nephron segment such
as the loop of Henle cannot be excluded. Per-
sistence of any exogenous mineralocorticoid effect
may be balanced by the severe depression of exoge-
nous aldosterone secretion produced by potassium
depletion in the rat [28].
Dietary potassium successfully maintained posi-
tive cumulative potassium balance and normal
muscle potassium in the control group. Dietary
phosphate, however, was thereby necessarily in-
creased in the control as compared to the KD
group. We have previously shown that the addition
of buffered sodium or potassium phosphate in
amounts at least as great as in the present experi-
ments does not alter renal chloride excretion during
chloride depletion [1, 29]. If the increased dietary
phosphate were to account for differences in seg-
mental tubular chloride reabsorption between con-
trol and KD rats, it can only have been by enhanc-
ing chloride reabsorption in the control as com-
pared to the experimental group; such an effort of a
less reabsorbable anion on net chloride reabsorp-
tion seems most unlikely. Furthermore, since we
previously observed KD-induced chloride-wasting
[1] in the presence of phosphate-loading (as the neu-
tral sodium salt), phosphate restriction has been ex-
cluded as a necessary cofactor in the pathogenesis
of chloride-wasting in the experimental group.
To consistently maintain an adequate blood pres-
sure in the severe potassium-depleted rats during
the 4 or 5 hours of these micropuncture experiments,
it was necessary to infuse sodium bicarbonate (so-
dium chloride was not used so as to maintain chlo-
ride depletion) at relatively high rates, which likely
caused some volume expansion. We have recently
shown in normal rats with chloride depletion that
acute volume expansion with 0.15 M sodium bi-
carbonate (10% of body wt given over 60 mm)
caused hypochloremic metabolic alkalosis, but did
not increase fractional or absolute urinary chloride
excretion as compared to a hydropenic control peri-
od, because a substantial amount of the increased
chloride delivered out of the proximal tubule was
reabsorbed in the distal nephron [33]. In the present
micropuncture experiments, both KD and control
rats received 0.15 M sodium bicarbonate in a cu-
mulative amount similar to that given in the above
studies on normal rats. Thus, it appears unlikely
that acute volume expansion with sodium bicarbo-
nate could account for an increase in fractional or
absolute chloride excretion in sodium-bicarbonate-
expanded chloride-depleted KD rats, a conclusion
supported by the clearance and limited micro-
puncture experiments in the KD rats studied at the
low sodium bicarbonate infusion rate.
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Fig. 5. Comparison of fluid delivery, as a fraction of SNGFR, in
control and potassium-depleted rats. Asterisk (*) denotes P <
0.05 (early distal) and P < 0.02 (late distal).
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Fig. 4. Comparison of chloride delivery, as a fraction offiltered
chloride load, to late proximal, early distal, and late distal tu-
bules in control and potassium-depleted rats. Asterisk (*) de-
notes P < 0.05 (proximal tubule), P < 0.02 (early distal), and P <
0.02 (late distal).
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Table 8. Recovery of 3H-inulin and 3CI injected into late di stal tubules
Group N Weightg
Urinary
Volume chloride
pilmin mEqiliter N5
3H-inulin
recovery
%
36C1
recovery
%
Normal
Control
Potassium-depleted
KD vs. control
KD vs. normal
Control vs. normal
4
7
6
312 12
312 23
270 24
NS
NS
NS
37 5 25 3
40 3 2.0 0.5
34 4 6.1 1.5
Analysis of variance
NS <0.05
NS <0.02
NS <0.01
21
20
19
98 1.3
97 1.3
100 1.4
NS
NS
NS
88 I
62 2
88 2
<0.001
NS
<0.001
number of rats.
bN = number of punctures.
The most clearly demonstrable defect in tubular
handling of chloride in KD rats was found in the
proximal tubule. In the control rats, fractional reab-
sorption of both fluid and chloride by the proximal
tubule were reduced as compared to normal hydro-
penic rats. This effect can be attributed to the in-
fusion of sodium bicarbonate and consequent extra-
cellular volume expansion. In the KD, both abso-
lute and fractional reabsorption of chloride by the
proximal tubule were further reduced as compared
to the control rats. Since the KD rats were also in-
fused with sodium bicarbonate, it is necessary to
inquire whether the greater decrease in chloride
reabsorption seen in KD rats could have been due
100r
.rn•
80
to a greater degree of acute volume expansion. Sev-
eral observations indicate that this is not likely to be
the explanation for the observed differences be-
tween control and KD rats: blood pressure and gb-
merular filtration rate were lower in KD rats (Table
4); both control and KD rats were infused with so-
dium at 14.7 EqImin, and they excreted sodium at
similar rates of 4.7 0.44 and 4.4 0.65 Eq/min;
end hematocrit was not different in control and KD
rats (Table 3), and proximal fractional reabsorption of
fluid was not different in control and KD rats (Table
5). Together, these observations indicate that the
extracellular fluid volume was not expanded to a
greater extend in KD rats than it was in control rats.
Also, the single nephron filtered load of bicarbonate
was not different (1759 152 Eq/min in control vs.
1,662 159 in KD rats, P = NS). Part of the ob-
served 78% reduction in the absolute rate of proxi-
mal chloride reabsorption would be expected be-
cause of the reduced filtered load of chloride; fil-
tered chloride, however, was reduced only 28%.
Thus, chloride reabsorption expressed as a fraction
of filtered chloride was markedly reduced (Fig. 4).
These experiments do not exclude the possibility
that the acute infusion of sodium bicarbonate facili-
tates the impairment of chloride reabsorption seen
in KD rats; the underlying factor responsible for the
difference in chloride reabsorption between control
and KD rats, however, is not volume expansion, or
bicarbonate filtration, but rather is potassium deple-
tion.
Since, in rats studied both at the low and high
infusion rate of sodium bicarbonate, fractional fluid
reabsorption in the proximal tubule was not altered
by KD, as compared to control, and since TF/P1
rose in KD, the fraction of sodium reabsorbed with
bicarbonate must have been increased in KD rats,
assuming that sodium concentration did not change
along the proximal tubule. In contrast, in normal
90 h-
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Fig. 6. Recovery of 36Cl injected into late distal tubules. Mean
SEM is indicated for each group. Both normal and chloride and
potassium-depleted groups differ from chloride-depleted controls
(P < 0.001).
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rats, the effect of acute volume expansion with so-
dium bicarbonate, with a reduction in proximal
tubular fluid reabsorption to 50%, is to increase the
fraction of sodium reabsorbed as sodium chloride,
as compared to that reabsorbed as sodium bicarbo-
nate (as shown by a fall in TF/P1 [33]). In experi-
ments in which proximal tubular bicarbonate reab-
sorption was measured, Levine, Walker, and Nash
[161 found that potassium depletion increased frac-
tional but not absolute bicarbonate reabsorption by
the proximal tubule; the increase in fractional bi-
carbonate reabsorption was reduced to normal by
infusion of potassium chloride. In these experi-
ments, the much less severe KD (13% reduction in
muscle potassium) and the absence of metabolic al-
kalosis in the KD group may explain the absence of
a significant increase in absolute bicarbonate reab-
sorbed in the proximal tubule, as the authors them-
selves suggested [161.
The relative increase in bicarbonate reabsorption
in the present experiments may be the reason that
proximal chloride reabsorption was decreased. Fur-
ther, it is likely that the more severely alkalotic KD
rats had a greater degree of intracellular acidosis
than the control rats did, and that this is why proxi-
mal bicarbonate reabsorption was enhanced in
these animals. It has previously been suggested that
potassium depletion increases bicarbonate reab-
sorption by the proximal tubule because of de-
creased bicarbonate concentration and increased
acidity of the tubule cells [26, 34, 35]. Intracellular
acidosis has been demonstrated by measurement of
intracellular pH [36, 371 and of intracellular bicarbo-
nate [381 in muscle cells in potassium-depleted rats.
It is of interest that chloride secretion was found
in 5 of 13 proximal tubules studied in KD rats. It has
been shown [39] that chloride entry into chloride-
free isolated droplets is enhanced by the presence
of bicarbonate in the luminal fluid, and that this
chloride entry is reduced in the presence of aceta-
zolamide. Thus, conditions which enhance secre-
tory transport of hydrogen ions also favor move-
ment of chloride into the lumen. Kashgarian, War-
ren, and Levitin [40] suggested that high tubule
fluid:plasma chloride ratios seen in chronically hy-
percapnic rats could be due to increased secretory
movement of chloride coupled to hydrogen ion se-
cretion. The present results show that, despite se-
vere chloride depletion, chloride may be secreted
along with hydrogen ion when severe potassium de-
pletion is superimposed.
Measurements of loop function were remarkable
mainly for the very high rates of chloride reabsorp-
tion they revealed in both control and KD rats; as
expected [411, a substantial amount of the increased
chloride delivered out of the accessible superficial
proximal tubule was absorbed in the loop segment.
Since the amount of chloride delivered out of the
proximal tubule, however, was not larger in KD
rats, the decrease in fractional reabsorption of chlo-
ride observed in the KD group reveals an impair-
ment of chloride reabsorption at some site between
the proximal and distal puncture sites. We cannot
exclude a contributory impairment of chloride
transport in the pars recta of the superficial proxi-
mal tubule, but the elevated early distal TF/P chlo-
ride in KD rats suggests that, despite greater chlo-
ride depletion, the active chloride transport process
in the thick ascending limb was unable to establish
andlor maintain as low a transtubular chloride ratio
as it did in control rats.
Because variations in our estimates of chloride
delivery to the distal tubule were large in com-
parison to the absolute rate of chloride reabsorption
by this segment, it is not clear whether potassium
depletion reduced chloride reabsorption by the dis-
tal tubule. With regard to the collecting duct, the
low rates of delivery to this segment and the nearly
complete reabsorption of the amount delivered in
both control and KD rats preclude the possibility of
recognizing differences in chloride reabsorption be-
tween the two groups.
By increasing the amount of chloride delivered to
the collecting duct (to approximately 900 pEq/min)
and by delivering the same amount in both control
and KD rats, we were able in microinjection experi-
ments to demonstrate two important functional
changes: chloride depletion alone increased the
fractional disappearance of 36C1 from the lumen
(control vs. normal, Fig. 6); and superimposition of
potassium depletion reduced efflux of 36Cl (KD vs.
control, Fig. 6). Under these conditions, efflux of
tracer from the lumen is a function of apparent per-
meability [421, a term reflecting both active and pas-
sive transport properties. Since the collecting duct
is a site of active chloride reabsorption [61, the re-
sults are consistent with but do not prove that chlo-
ride depletion increases, and that potassium deple-
tion decreases active reabsorption of chloride by
the collecting duct.
In summary, we have obtained evidence that se-
vere potassium depletion reduced chloride reab-
sorption by the proximal tubule but did not affect
fractional fluid reabsorption. The decrease in chlo-
ride reabsorption may be a consequence of en-
hanced bicarbonate reabsorption by proximal tu-
426 Luke et a!
bule cells of potassium-depleted rats. Chloride
reabsorption by the loop of Henle segment was also
decreased, and this was associated with an in-
creased fractional delivery of fluid to the early distal
tubule. When comparably high chloride loads were
imposed on the collecting duct, 36C1 efflux from this
segment was reduced in KD rats. The reduced rates
of chloride reabsorption by proximal tubule, loop of
Henle, and collecting duct of KD rats probably con-
tribute to the chloride-wasting found in severe po-
tassium depletion.
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